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Abstract There is evidence that expected warming trends
from increased greenhouse gas (GHG) forcing have been
locally ‘masked’ by irrigation induced cooling, and it is
uncertain how the magnitude of this irrigation masking
effect will change in the future. Using an irrigation dataset
integrated into a global general circulation model, we
investigate the equilibrium magnitude of irrigation induced
cooling under modern (Year 2000) and increased (A1B
Scenario, Year 2050) GHG forcing, using modern irriga-
tion rates in both scenarios. For the modern scenario, the
cooling is largest over North America, India, the Middle
East, and East Asia. Under increased GHG forcing, this
cooling effect largely disappears over North America,
remains relatively unchanged over India, and intensifies
over parts of China and the Middle East. For North
America, irrigation significantly increases precipitation
under modern GHG forcing; this precipitation enhance-
ment largely disappears under A1B forcing, reducing total
latent heat fluxes and the overall irrigation cooling effect.
Over India, irrigation rates are high enough to keep pace
with increased evaporative demand from the increased
GHG forcing and the magnitude of the cooling is main-
tained. Over China, GHG forcing reduces precipitation and
shifts the region to a drier evaporative regime, leading to a
relatively increased impact of additional water from irri-
gation on the surface energy balance. Irrigation enhances
precipitation in the Middle East under increased GHG
forcing, increasing total latent heat fluxes and enhancing
the irrigation cooling effect. Ultimately, the extent to which
irrigation will continue to compensate for the warming
from increased GHG forcing will primarily depend on
changes in the background evaporative regime, secondary
irrigation effects (e.g. clouds, precipitation), and the ability
of societies to maintain (or increase) current irrigation
rates.
1 Introduction
Recent trends in global climate are dominated by the
influence of increased atmospheric greenhouse gas (GHG)
concentrations (Solomon et al. 2007). At the regional and
local scale, however, land surface change remains a first
order climate forcing with localized impacts that can be
orders of magnitude larger than the signal from globally
well mixed GHG (Pielke Sr et al. 2002). Roughly 40% of
the global land surface area has been directly modified by
human activities, primarily through conversion of natural
ecosystems to croplands and pastures (Foley et al. 2005).
These land cover changes affect climate by altering the
balance and partitioning of energy at the surface and
modulating the transfer of energy and mass fluxes between
the surface and the atmosphere. Climate system responses
to anthropogenic land cover changes have been widely
investigated for a variety of time periods and climate
scenarios (e.g. Feddema et al. 2005; Pongratz et al. 2010).
Recent studies have also begun considering the influence of
changes in land cover intensity and quality (e.g. Lobell
et al. 2006b; Oleson et al. 2008; Oleson et al. 2010),
including irrigation (Boucher et al. 2004; Lobell et al.
2006a; Puma and Cook 2010; Sacks et al. 2009).
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About 2% of the global land area is irrigated (17% of
cultivated area) (Bonfils and Lobell 2007; FAO 2002).
Irrigation affects the surface energy balance by increasing
the supply of moisture available for evapotranspiration
(ET). In cases where ET is limited by moisture availability
(instead of incoming energy), the addition of water to the
surface via irrigation increases ET and shifts the surface
energy balance to increasingly favor latent over sensible
heating, reducing the Bowen ratio. This shift in surface
energy partitioning is usually accompanied by a decrease in
soil and near surface air temperatures, typically affecting
the diurnal maximum more than the minimum (Lobell and
Bonfils 2008; Sacks et al. 2009). This localized first order
impact of irrigation on surface temperature is fairly robust,
and has been documented extensively in both modeling
(Adegoke et al. 2003; Sacks et al. 2009) and observational
(Bonfils et al. 2008; Lobell and Bonfils 2008) studies.
Second order effects of irrigation (i.e. changes in precipi-
tation, cloudiness, water vapor, etc) are much more uncer-
tain, but may extend over larger spatial scales (Boucher
et al. 2004).
Recent studies suggest that, in some areas, irrigation
induced cooling may be offsetting the warming that would
be expected from increases in anthropogenic GHG (Bonfils
and Lobell 2007; Kueppers et al. 2007; Lobell et al. 2008).
Kueppers et al. (2007), for example, used a regional model
to conclude that temperature trends in the Central Valley of
California were due to the intensification of irrigation, and
that this was masking the expected warming from GHG. In
light of this, it is important to understand how much
warming is being masked by irrigation, and whether this
masking effect will maintain, increase, or diminish into the
future.
We use an atmosphere general circulation model, cou-
pled to a thermodynamic mixed layer ocean (‘q-flux’), to
investigate the magnitude of the irrigation cooling effect
under modern and increased (SRES A1B) GHG scenarios
(Nakicenovic et al. 2000). Instead of using empirical esti-
mates of irrigation and GHG forcing of climate, as other
studies have done (Bonfils and Lobell 2007; Lobell et al.
2008), we use a general circulation model with observa-
tion-based estimates of irrigation integrated directly into
the model. In this way, irrigation and GHG impacts on
surface temperature are physically modeled, allowing for
interactions and feedbacks within the climate system that
may amplify or dampen the effect of irrigation. This study
extends previous work by Puma and Cook (2010), who
integrated irrigation into transient climate simulations of
the twentieth century. They demonstrated that irrigation
impacts on climate (temperature and precipitation) were
highly variable spatially and temporally over the course of
the twentieth century, and that these patterns were driven
by changes both in irrigation intensity and in the
background climate. As we move into an era of unprece-
dented human forcing of climate with increased GHG
forcing, and as questions of water resource sustainability
become vital for many regions, it is important to under-
stand how irrigation–climate interactions may continue to
change.
2 Data and methods
2.1 GISS ModelE
All experiments were conducted using the Goddard Insti-
tute for Space Studies (GISS) atmosphere general circula-
tion model (‘ModelE’) (Schmidt et al. 2006), run at
2 9 2.5 horizontal resolution with 40 vertical layers.
ModelE’s simulation of modern day climate compares
favorably with observations, with some notable biases,
particularly in the subtropical marine stratocumulus
regions. Hansen et al. (2007) found that the GISS ModelE
faithfully replicates the climate of the twentienth century,
including trends and low and high frequency variability,
when forced with observed climate forcings and SSTs. The
land surface is divided into vegetated and bare soil columns
that extend to a maximum depth of 3.5 m. Vegetation and
phenology is prescribed (after Matthews 1983, 1984) and
the model distinguishes among eight vegetation types for
its photosynthesis and stomatal conductance calculations
using the well-known functions of Farquhar et al. (1980)
and Ball et al. (1987), respectively. More detailed discus-
sions of GISS ModelE formulations and performance can
be found in the available literature (Hansen et al. 2007;
Rosenzweig and Abramopoulos 1997; Schmidt et al.
2006). In our experiments, we ran ModelE in ‘q-flux’
mode, with the ocean represented as a 65-m deep mixed
layer. With this q-flux approximation, the model takes
approximately 10 years to reach equilibrium when driven
by constant forcings.
2.2 Irrigation in ModelE
Irrigation rates and locations are taken from a global
gridded reconstruction of twentieth century hydrography
(Wisser et al. 2010). In ModelE, irrigation water is added
to the vegetated fraction of the grid cell at the top of the
soil column, beneath the vegetation canopy. Water for
irrigation is initially withdrawn from surface water reser-
voirs (rivers and lakes) in the same grid cell. If irrigation
demand is not satisfied by these surface sources, additional
water is added from outside the system, with the assump-
tion that the water is coming from groundwater sources
disconnected from the hydrologic cycle. For days with non-
zero irrigation, this flux is kept constant over the course of
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the day and is applied for every sub-daily time step. The
timing of irrigation water application in our model is highly
idealized, but (we feel) reasonable given the paucity of data
on specific irrigation timing and the likely high variability
between regions in how irrigation is applied. We also note
that a previous study (Sacks et al. 2009) conducted their
own sensitivity analysis and found that modeled climate
responses to irrigation were largely insensitive to the tim-
ing of irrigation. Once the irrigation water is applied, it
either infiltrates the soil column or leaves the grid cell as
surface runoff. Infiltrating irrigation water can then be
removed from the soil column through evapotranspiration
and underground runoff, such that that the model will have
an irrigation efficiency that depends on our model’s climate
and land-surface properties.
Seasonal irrigation totals are shown in Fig. 1. Irrigation
is most extensive in the Northern Hemisphere during
boreal summer (June–July–August, JJA), with highest rates
over China, India, the Middle East, and North America. In
the Southern Hemisphere, irrigation is primarily localized
over limited regions of Australia and South America, with
highest rates during austral spring (September–October–
November, SON) and summer (December–January–
February, DJF). For more details on the integration of
irrigation into ModelE, we refer interested readers to Puma
and Cook (2010).
2.3 Experimental setup
We conducted four experiments: a modern control run with
no irrigation and year 2000 GHG concentrations (MC,
‘modern control’), a modern irrigation run with modern
irrigation rates and year 2000 GHG concentrations (MI,
‘modern irrigation’), a future control run with no irrigation
and year 2050 GHG concentrations from the SRES A1B
scenario (FC, ‘future control’), and a future irrigation run
with modern irrigation and year 2050 GHG concentrations
from the SRES A1B scenario (FI, ‘future irrigation’).
Global irrigation totals and GHG concentrations for these
scenarios are summarized in Table 1. Projections of irri-
gation rates into the future are highly uncertain and likely
sensitive to a variety of physical, economic, and political
constraints. There is some evidence that the recent
expansion of irrigated areas may be beginning to plateau
(Bonfils and Lobell 2007), and so we use modern irrigation
rates in our FI scenario as a reasonable first choice, in light
of the absence of other information.
Each simulation reached equilibrium conditions after
10 years of spin up. We ran each simulation for an addi-
tional 25 years, and based our subsequent analyses on these
post spin up years. For our analyses, we focus on global
land areas with the highest irrigation rates, where we
expect the direct irrigation response to be strongest. Unless
otherwise indicated, insignificant (p [ 0.10) differences, as
determined using a two sided Student’s t test, are masked
out.
3 Results
3.1 Controls on irrigation cooling
To a large degree, the magnitude of cooling from irrigation
in ModelE depends on (1) whether ET in a given grid cell
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Fig. 1 Seasonal irrigation totals (mm). Scale is logarithmic
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is limited by moisture supply or incoming energy and (2)
the irrigation rate. A good measure of whether ET is
moisture or energy limited is evaporative fraction (EF), the
ratio of latent to latent plus sensible heating. Low EF
values (near zero) are indicative of arid and semi-arid
regions, with high energy inputs and low available mois-
ture. High EF values (near unity) are typical in humid
regions with high moisture availability that can largely
satisfy evaporative demand. Any increase in moisture
availability, either from changes in climate or the addition
of irrigation, will increase EF and shift the overall regime
toward a more energy limited state. Figure 2 shows, for all
irrigated grid cells, temperature responses to irrigation as a
function of irrigation rate and EF for the modern case. The
surface temperature anomaly (MI-MC) is on the y-axis,
x-axis is the EF of the grid cells for the control (MC) case,
and the colorbar indicates the irrigation rate (mm day-1).
All rates and anomalies are grid cell averages. Higher
irrigation rates generally lead to a larger irrigation cooling
effect, with the magnitude of the anomalies modulated by
the EF of the grid cell in the control (MC) simulation. Grid
cells with a control case EF below about 0.2-0.4 generally
show the largest temperature response to irrigation.
3.2 Surface energy balance: irrigation
and GHG forcing
Increased GHG concentrations and irrigation both have the
potential to alter the surface energy balance. Irrigation
typically leads to increases in the net longwave flux at the
surface through two complementary mechanisms modu-
lated by increases in evapotranspiration (Fig. 3, top panel).
First, the increased evapotranspiration cools the surface,
reducing outgoing longwave fluxes. Second, this evapo-
rated moisture increases near surface humidity, which in
turn increases the flux of downwelling longwave radiation.
The downwelling longwave radiation increases may spread
over a large area beyond the core of the irrigated regions as
this moisture is dispersed in the atmosphere. Irrigation has
a small net negative effect on surface shortwave radiation
in regions where irrigation increases cloud cover (Fig. 3,
middle panel). In some regions (e.g. parts of Asia),
irrigation in ModelE actually reduces cloud cover due to a
weakening of the monsoon, leading to minor localized
increases in surface shortwave radiation. Surface longwave
increases generally overcompensate for decreases in
shortwave, resulting in net increases in total net surface
radiation (Fig. 3, bottom panel) localized over the major
irrigated regions.
Increased GHG concentrations lead to globally wide-
spread increases in surface longwave fluxes, primarily
through increases in downwelling longwave radiation
(Fig. 4, top panel). Some regions do show negative long-
wave anomalies at the surface (e.g. southern Africa, parts of
Asia). These are areas where GHG warming leads to regional
drying from reductions in precipitation and cloud cover,
allowing more longwave to escape to space. In the global
mean, however, GHG warming leads to increased evapo-
transpiration (especially from the oceans), precipitation, and
Table 1 Boundary conditions for the GCM experiments. Irrigation
amount is the global total, distributed as shown in Fig. 1
Exp Irrigation
(km3 year-1)
CO2 (ppm) N2O (ppb) CH4 (ppb)
MC 0 369.6 316.3 1.752
MI 2931 369.6 316.3 1.752
FC 0 532.0 350.0 2.400
FI 2931 532.0 350.0 2.400
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Fig. 2 Irrigation impacts on surface air temperature (MI-MC) (K) as
a function of irrigation amount (mm day-1, indicated by coloring)
and evaporative fraction (EF). The two seasons are October–March
(ONDJFM) and April–September (AMJJAS). Scale for the irrigation
rate is logarithmic
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cloud cover. Negative surface shortwave anomalies are
widespread (Fig. 4, middle panel), except in those regions
with reduced cloud cover. Overall, increased GHG forcing
leads to globally widespread increases in net radiation at the
surface (Fig. 4, bottom panels).
Irrigation and GHG increases can also directly or indi-
rectly affect the energy partitioning at the surface (Fig. 5).
Irrigation has the most direct impact, increasing surface
moisture and favoring latent over sensible heating. GHG
impacts on the surface fluxes are more indirect, driven
primarily by the impact of the GHG warming on the
hydrologic cycle, resulting in a reduction in sensible
heating and increase in latent heating over large continental
regions. Over areas where precipitation is reduced, latent
heat fluxes and surface moisture are also reduced and the
bulk of the energy at the surface goes into sensible heating.
This shows that, despite the globally homogeneous nature
of the GHG forcing, the impacts on the surface energy
balance and partitioning can be highly variable across
space. Combined with the spatially variable nature of the
irrigation forcing, this opens up the possibility for a variety
of potentially synergistic or antagonistic interactions
between irrigation and GHG forcing.
3.3 Irrigation effects: temperature and precipitation
(MI-MC)
The largest significant temperature responses generally
map onto the regions with the highest irrigation rates
(Fig. 6). Over India, there is significant cooling through all
seasons, especially during the dry, off-monsoon seasons
(DJF and SON) when the background EF is low and ET is
moisture limited. The Mediterranean, Middle East, and
North America show similar cool anomalies, primarily
during boreal summer (JJA) when evaporative demand is
highest. Despite high irrigation rates over China and
Eastern Asia, there is only a relatively modest temperature
response during JJA and SON. This region has a relatively
high EF in the control case (C0.8), indicating ET is limited
primarily by incoming energy, rather than moisture supply.
There is also a large region of cooling in Eastern Europe/
Western Russia during March–April–May (MAM). Irriga-
tion rates are negligible over this region during this season;
the cooling arises from second order dynamical effects and
is not a direct surface temperature response to irrigation.
Significant increases in precipitation (Fig. 7) generally
occur downwind from the major irrigation areas in North
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Fig. 3 Annual differences in net surface radiation (longwave,
shortwave, total) (W m-2) over land areas for the modern irrigation
comparison (MI-MC). In this and the subsequent maps, insignificant
differences (p \ 0.10) are masked out
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America and Eurasia. Precipitation decreases over some
regions of India and monsoon Asia, a result of cooler
surface temperatures reducing the land-ocean temperature
contrast and weakening the monsoon. There are some
scattered precipitation increases over regions with fairly
low irrigation rates (e.g. Africa), another result of second
order dynamical responses in ModelE. As with other
indirect response to the localized irrigation forcing (e.g. the
MAM cooling over Eastern Europe), the robustness of
these results is highly uncertain.
3.4 GHG effects: temperature and precipitation
(FC-MC)
Changes in the base climate, arising from increased GHG
concentrations or other causes, could modulate the influence
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of irrigation on surface temperatures through a variety of
mechanisms. If temperatures decrease or precipitation
increases, shifting the base climate towards an energy limi-
ted evaporative regime, this would be expected to decrease
the relative impact of irrigation on surface temperatures.
Alternatively, increased temperatures or decreased precipi-
tation would move the base climate towards a more moisture
limited regime, increasing the relative impact of irrigation
on surface temperatures. The ultimate shift in the baseline
evaporative regime, and thus its impact on irrigation effects,
also depend on the initial regime itself, and how far it is from
transitioning between the moisture and energy limited cases.
Also, GHG forced climate changes may modulate the
magnitude of indirect irrigation effects on the climate
system (e.g., clouds, precipitation), which could, in turn,
modify the impact of irrigation on surface temperature.
Increased GHG forcing from the A1B scenario leads to
significant warming over almost all land grid cells (Fig. 8),
including all irrigated regions. Warming is generally larg-
est in the high northern latitudes during boreal winter (DJF)
and spring (MAM); averaged annually and over all land
areas, the warming is ?2.3 K relative to modern GHG
forcing. Precipitation responses are much more spatially
variable, with general drying out in the tropics and sub-
tropics and increased precipitation in the high and mid-
latitudes (Fig. 9). Precipitation increases over southern and
eastern India, reflecting an enhanced summer (JJA) mon-
soon. Simultaneously, the monsoon weakens over China
and Indochina, resulting in reduced precipitation over these
regions. Precipitation increases over some parts of North
America, although any changes over the irrigated center of
the continent are weak or insignificant.
3.5 Irrigation effects: future (FI-FC)
Even under increased GHG forcing, irrigation still exerts a
significant cooling effect over large regions (Fig. 10). The
largest anomalies generally still coincide with the highest
irrigation rates over India and the Middle East. To compare
how the irrigation cooling effect has changed with
increased GHG forcing, we can difference the irrigation
induced anomalies between the increased and modern
GHG runs (FI-FC minus MI-MC) (Fig. 11). In regions with
positive (red) anomalies, the irrigation cooling effect is
significantly diminished in the A1B GHG scenarios relative
to modern; in regions with negative (blue) anomalies, the
irrigation cooling effect is enhanced. Over much of North
America, the irrigation influence is diminished, especially
during JJA and SON. India remains relatively unchanged,
while the irrigation effect appears to strengthen over parts
of the Middle East, China, and Eastern Asia. The large area
of dynamically induced cooling over Eastern Europe also
largely disappears, although dynamical and remote
responses to irrigation are often inconsistent across climate
models (Puma and Cook 2010; Sacks et al. 2009), and we
therefore take these to be less robust than the localized
response in irrigated areas.
3.6 Regional changes: North America
For the modern case (MI-MC), associated irrigation effects
on climate are largest during the late summer/early fall
(Fig. 6), when irrigation rates are highest (Fig. 1) and the
energy inputs are largest. Under increased GHG forcing, the
magnitude of the irrigation cooling effect over NA
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decreases sharply, primarily during the late summer (July–
August) and autumn (October–November) (Fig. 12). Bulk
LH flux anomalies are reduced throughout the year in the
future comparison (FI-FC), relative to the modern (MI-MC)
case. This comes from a reduction in irrigation mediated
precipitation increases observed in the modern scenario.
Irrigation during the summer season (JJA) over this area is
?0.30 mm day-1; the precipitation enhancement over this
same area from irrigation in the modern case is the same
(?0.30 mm day-1), effectively doubling the irrigation rate
and associated latent heat fluxes. Contrast this to the future
scenario, when the precipitation enhancement is an order of
magnitude lower (?0.05 mm day-1). Without the extra
input of moisture from the precipitation response, irrigation
in the A1B scenario has a diminished impact on surface LH
fluxes and EF, reducing the total cooling effect.
3.7 Regional changes: China
Over China, increased GHG forcing leads to precipitation
reductions over much of the irrigated area, especially
during JJA and SON (Fig. 9). The result is a lower control
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case (FC) EF and a shift to a more moisture limited
background evaporative regime. Any addition of moisture
from irrigation will thus have a correspondingly larger
impact on latent heat fluxes and the surface energy bal-
ance, increasing the cooling effect of irrigation. Irrigation
in the future case also amplifies precipitation over China.
Combined, these factors lead to a net increase in surface
latent heat fluxes and amplification of the irrigation
cooling effect (Fig. 13). Averaged over the region, the
amplification of the irrigation cooling effect is most
apparent during November–December, although some grid
cells show enhancement for both the JJA and SON seasons
(Fig. 11).
3.8 Regional changes: Middle East
Over the Middle East region, the major enhancement to the
irrigation cooling effect occurs during October–December
(Fig. 14). Increased GHG forcing alone warms the region
(Fig. 8), but causes little change in the precipitation
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(Fig. 9). In the future, however, irrigation does lead to a
larger precipitation enhancement, primarily during Octo-
ber–December, increasing latent heat fluxes and amplifying
the irrigation cooling. This result, combined with a weak-
ening of the irrigation-precipitation response over North
America, suggests that secondary climate responses to
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irrigation may be critical for understanding the net total
impact of irrigation on surface temperatures.
3.9 Regional changes: India
Over India, the impact of irrigation remains largely the
same for the two levels of GHG forcing (Fig. 15). Irriga-
tion impacts on surface temperature are strongest during
the dry seasons before and after the summer monsoon,
when the addition of irrigation can increase LH flux by up
to 25–30 W m-2. These results suggest that current irri-
gation rates over India are high enough to meet the eva-
porative demand under both modern and increased GHG
forcing, and that the associated irrigation induced cooling
will be neither enhanced or diminished.
4 Discussion and conclusions
Anthropogenic land use and land cover changes have been
important climate forcing agents in the past, and will remain
active components of the climate system into the future.
Trends in land use are driven by a variety of complex fac-
tors, including population growth, access, government
regulation, and economic pressure and opportunities (Geist
and Lambin 2002; Lambin et al. 2001). In the case of
increasing intensity of land use, such as intensive fertilizer
use and irrigation, future trajectories will also depend on a
myriad of resource sustainability issues. Maintaining or
expanding irrigation rates, for example, will depend on
continued access to surface and subsurface water resources
and the energy inputs necessary to maintain and operate the
infrastructure required to extract, transport, and apply irri-
gation water.
Assuming we can maintain modern irrigation rates for
the foreseeable future, the impact of irrigation on the cli-
mate system, especially surface temperature, will depend
largely on changes to the state of the background climate
from increased GHG concentrations. Here, we have
attempted to assess how increased GHG forcing will
modulate the direct surface cooling effect of irrigation. Our
main conclusions are summarized:
• The direct surface temperature response to irrigation is
controlled primarily by the amount of irrigation and the
background evaporative regime, with larger cooling
anomalies in cases of higher irrigation rates and a more
moisture limited background evaporative regime.
• Under increased GHG forcing (SRES A1B scenario),
our model experiments suggest that irrigation impacts
on near surface air temperature will decrease (North
America), increase (China, Middle East), or remain the
same (India), depending on how the background
climate changes and the intensity of irrigation.
• Over North America, the irrigation impact on surface
temperatures is muted due to a dampened irrigation–
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precipitation response which, under modern GHG
forcing, acts to double total latent heat fluxes. Con-
versely, amplified irrigation cooling in the Middle East
and China is due, at least partially, to enhanced
precipitation from irrigation under increased GHG
concentrations. This highlights the potential importance
of irrigation impacts on other components of the climate
system for understanding the full temperature response.
Our study takes a different approach from previous
investigations into the effect of GHG forcing and irrigation
on surface temperatures (Bonfils and Lobell 2007; Lobell
et al. 2008). Those studies focused primarily on the tran-
sient response, and concluded that the rates of irrigation
expansion and increasing GHG concentrations were the
most important considerations for understanding irrigation
masking of global warming. Our study expands on this
foundation by considering the equilibrium response of the
climate system because irrigation impacts will also depend
on how the background climate state changes with
increased GHG forcing. Here we have found that, at least
within this modeling framework, we may expect spatially
variable changes in the strength of the irrigation impact,
depending on the regional responses to increased GHG.
Over several regions we also show the importance of
indirect effects on the magnitude of the irrigation cooling.
Over North America, for example, increased precipitation
from irrigation essentially doubles the latent heat flux
anomaly and subsequent cooling under modern GHG forc-
ing; this precipitation enhancement largely disappears in the
increased GHG scenario. The robustness and importance of
these secondary irrigation–climate impacts, however, are
still poorly understood. The direct impact of irrigation on
surface temperature is well constrained and is controlled
primarily by simple surface energy balance considerations.
Precipitation, however, depends not only on evapotranspi-
ration, but also on boundary layer dynamics, atmospheric
stability, moisture advection, large scale circulation, etc.
The magnitude (and even direction) of precipitation
responses to irrigation are therefore likely to be much more
sensitive to the background climate and model parameter-
izations than temperature responses. There is observational
and modeling support for positive soil moisture-precipita-
tion coupling (for a comprehensive review, see Seneviratne
et al. 2010), despite wide variance across models in the
strength of these interactions (e.g. Koster et al. 2004). More
importantly for our study, there is evidence for irrigation
enhancement of precipitation over North America (Barn-
ston and Schickedanz 1984; DeAngelis et al. 2010). Despite
the uncertainties, the secondary effects of irrigation on
precipitation and other atmospheric variables may be
important for understanding how irrigation impacts on
surface temperatures will change into the future.
Finally, we note that the implicit assumption in our
model scenarios is that current irrigation rates will be
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maintained into the future. There is already evidence,
however, that irrigation expansion rates have slowed down
(Bonfils and Lobell 2007) and that the future availability of
water resources for irrigation is uncertain (Shen et al.
2008). In regions where groundwater makes up a large
component of irrigation water withdrawal, water which is
non-renewable on timescales relevant to societies (i.e.
‘fossil water’), extraction is becoming harder and these
resources are being depleted rapidly (Rodell et al. 2009;
Sophocleous 2010). In other areas where surface reservoirs
are the main source, these resources may be highly sensi-
tive to future climate change. One stark example is western
North America, where recent droughts have led to sharp
declines in available water resources, droughts that may be
a harbinger of increased desiccation in the future (Barnett
et al. 2008; Seager et al. 2007). The sustainability of irri-
gation, and irrigation impacts on climate, therefore also
crucially depends on the ability of societies to sustain or
increase modern irrigation rates in the face of possibly
depleting water resources due to unsustainable extraction
practices or potentially detrimental climate changes.
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